Foot-and-mouth disease virus (FMDV) is the causative agent of an acute vesicular disease affecting wild and domesticated animals. Despite the economic burden of the disease and all efforts to eradicate it, FMD outbreaks continue to emerge unexpectedly in developed and developing countries. Correlation of the mutational dynamics of the virus with its epidemiology remains unexplored. Analysis of 103 complete genomes representing the seven serotypes shows the important role that selection plays in the genomic evolution of viral isolates for serotypes. We identified selection and relaxed constraints due to genetic drift through analyses of synonymous sites. Finally, we investigated interactions between mutations that showed coevolving patterns and analyzed, based on protein structures, slightly deleterious and compensatory mutational dynamics. Specifically, we demonstrate that structurally exposed capsid proteins present a greater number of adaptive mutations and relaxed selection than nonstructural proteins. Such events have been magnified during the evolution of the southern African virus types (SATs). These shifts in selection-drift balance have generated the great antigenic and genetic diversity observed for SAT serotypes and that are responsible for epizootics on the continent of Africa. The high number of slightly deleterious and compensatory mutations in SAT serotypes in structural proteins is testament to such balance plasticity. The significant accumulation of these coevolving mutations in African serotypes supports their contribution in generating adaptive immune-escaping mutants and in establishing persistent infections. The reverse of this pattern in nonstructural proteins reveals the neutral fixation of mutations in the more widely spread and commonly studied Euro-Asiatic serotypes.
Foot-and-mouth disease virus (FMDV) is the causative agent of an acute vesicular disease affecting wild and domesticated animals. Despite the economic burden of the disease and all efforts to eradicate it, FMD outbreaks continue to emerge unexpectedly in developed and developing countries. Correlation of the mutational dynamics of the virus with its epidemiology remains unexplored. Analysis of 103 complete genomes representing the seven serotypes shows the important role that selection plays in the genomic evolution of viral isolates for serotypes. We identified selection and relaxed constraints due to genetic drift through analyses of synonymous sites. Finally, we investigated interactions between mutations that showed coevolving patterns and analyzed, based on protein structures, slightly deleterious and compensatory mutational dynamics. Specifically, we demonstrate that structurally exposed capsid proteins present a greater number of adaptive mutations and relaxed selection than nonstructural proteins. Such events have been magnified during the evolution of the southern African virus types (SATs). These shifts in selection-drift balance have generated the great antigenic and genetic diversity observed for SAT serotypes and that are responsible for epizootics on the continent of Africa. The high number of slightly deleterious and compensatory mutations in SAT serotypes in structural proteins is testament to such balance plasticity. The significant accumulation of these coevolving mutations in African serotypes supports their contribution in generating adaptive immune-escaping mutants and in establishing persistent infections. The reverse of this pattern in nonstructural proteins reveals the neutral fixation of mutations in the more widely spread and commonly studied Euro-Asiatic serotypes.
Foot-and-mouth disease virus (FMDV) is the causative agent of an acute, systemic disease that affects farm animals and therefore has economically devastating effects (26) . FMDV belongs to the Aphthovirus genus in the family Picornaviridae. Its positive-sense, single-stranded RNA genome is 8.5 kb in length and is immediately translated into a polyprotein upon virus entry into a host cell. This polyprotein is posttranslationally cleaved to yield 12 mature proteins (37, 42) . The 12 proteins comprise, from 5Ј to 3Ј, a set of four structural capsid proteins (1A, 1B, 1C, and 1D, also known as VP4, VP2, VP3, and VP1, respectively), and eight nonstructural proteins (L pro , 2A, 2B, 2C, 3A, 3B, 3C pro , and 3D pol ) (38) . The structural proteins, 1A to 1D, assemble to form the capsid of the virion and, with the exception of 1A, are the first line of contact between the host cell and the virus. The interaction between both biological systems occurs specifically between the capsid protein VP1 and the RGD-dependent integrins and heparan sulfate proteoglycan receptors (23) . Nonstructural proteins are involved in replicatory and other functions (18, 22, 30) . The 2B protein is known to be involved in membrane rearrangements required for viral RNA replication and capsid assembly (18) . Both nonstructural proteins 3A and 3B appear to play a role in virulence and host range (34) , with a single amino acid substitution mediating adaptation of the virus to a guinea pig (33) . The 3C protease is responsible for most of the proteolytic cleavage in the viral polyprotein and RNA replication (51) , while the 3D protein is the core subunit of the picornavirus RNA-dependent RNA polymerase (17) . Functions for the remaining nonstructural proteins are less well understood.
The high mutation rates (2, 10) and population bottlenecks experienced during the transmission of RNA viruses such as FMDV (reviewed in reference 13) account for their high genetic and antigenic variability. This genetic variability is translated into the existence of seven immunologically diverse serotypes distributed around the world (southern African type [SAT] 1 to 3 and Asia 1, A, O, and C) with varied degrees of selective genetic variability (19, 24, 50) . Uncovering the selective patterns of this fixed variability is instrumental to the understanding of the epidemiological behavior of these viruses and in monitoring possible outbreak sources. To date, most of the evolutionary studies performed in FMDV have focused on the structural surface-exposed capsid protein VP1 due to its essential role in cell-receptor recognition and escape from the immune response (45) . Some of these studies have been aimed at describing the evolutionary parameters responsible for the emergence of specific serotypes (12) . Others have yielded information on the evolutionary constraints acting on FMDV strains subjected to different experimental passage regimens (16) or naturally isolated (19, 50) . Despite the clear role of adaptive evolution in generating variability in the VP1 capsid protein, many other factors may have shaped its evolution, including changes in the balance between selection and drift (50) .
Most of the analyses performed in FMDV have been limited in different ways. Indeed, data have been biased by the phylogenetic nature of the analyses conducted (reviewed in reference 24). The number of studies utilizing full-length FMDV genomes for comparative evolutionary analyses has been even less significant and mainly concentrated on intra-or intertypic comparisons of a limited number of isolates (27, 36) . These studies have been also biased by the fact that only a few serotypes have been considered (notably O, A, and C) due to the lack of resolution of full-length genomes for some of the serotypes, especially for the sub-Saharan serotypes SAT1 and SAT3. The analysis of 103 complete genomes isolated from the seven different serotypes (4) is one of the most complete evolutionary analyses so far conducted in the comparative genomics of FMDV. However, the main objective of that earlier study was to identify specific genomic regions under strong purifying selection. In their analysis of the complete full genomes, including new SAT3 and SAT1 genomes, those authors reported novel viral genomic motifs with possible biological importance due to their strongly constrained evolution. They mainly analyzed these constraints through the ratios between the rates of nonsynonymous replacements and synonymous changes. These strong constraints were operating in approximately 58% of the amino acid sites, with nonstructural proteins presenting on average greater constraints to amino acid replacements than structural proteins (for example, see Fig. 2C of reference 4). In addition, evidence for the action of adaptive Darwinian selection was only detected in some structural proteins, while most of the genome was under strict purifying selection. Despite the insightful work of these and other authors, further analyses of selective constraints operating in FMDV have ignored selection on synonymous sites, which is expected to be highly significant in RNA viruses due to constraints imposed over the secondary RNA structure (5) . These constraints may have led to high nonsynonymous-to-synonymous ratios due to low synonymous substitution rates at these synonymous sites. This ratio is generally used as an indicator of selection based on the assumption that synonymous sites evolve neutrally, which is generally not the case for constrained RNA molecules.
Despite the effort invested in identifying evolutionary forces in FMDV, many questions remain to be answered. For instance, understanding why serotypes differ in their evolutionary and epidemiological dynamics remains a critical research question. Herein, we were able to examine, for the first time, how different genomic regions are under distinct selective constraints, as well as elucidating the role that shifts in the selection-drift balance play in the emergence of variability within FMD viruses. We describe how the effects of genetic drift are compensated for in the different serotypes and genomic regions and finally reveal how the neutral fixation of mutations may provide information about epidemiological patterns of the virus. Our main conclusions are the following: (i) different viral types present evidence of different evolutionary dynamics throughout their phylogeny and genome; (ii) these differences are mostly due to a changing selection-drift balance; (iii) this changing balance has led to the differential accumulation of slightly deleterious mutations and compensatory changes between genomes and serotypes; (iv) lastly, we postulate that these mutational dynamics may explain the diverse epidemiological patterns observed for the different FMDV serotypes.
MATERIALS AND METHODS
We conducted extensive comparisons of the genomes of the seven serotypes to understand the FMDV mutational dynamics and correlated these with the epidemiological characteristics of the virus. We first identified fixation of amino acid substitutions in each of the proteins and serotypes. Then we tested for selection and relaxed selective constraints in these proteins and serotypes by studying the accumulation of mutations at synonymous sites. We supported these analyses by the identification of slightly deleterious mutations (SDMs). Finally, we tested the shift in the balance between selection and drift by studying the phylogenetic distribution of these SDMs and by identifying compensatory mutations (CMs) through the analysis of the distribution of mutations in the structures available for FMDV proteins.
Genome sequences and phylogenetic analyses. All complete genome sequences of FMDV were downloaded from GenBank. A total of 47, 6, 7, 27, 9, 3, and 4 full-length FMDV sequences were available for all seven serotypes, serotypes A, Asia 1, C, O, SAT1, SAT2, and SAT3, respectively, collected worldwide during the period from 1951 to 2002. GenBank accession numbers for all sequences used in the study are available upon request.
We first constructed multiple protein sequence alignments for all genomes using MUSCLE (11) , and then we built protein-coding nucleotide sequence alignments based on their corresponding protein sequence alignments. The total length of the alignment was 7,239 nucleotides. Maximum likelihood phylogenetic trees were inferred for each of the seven serotypes using the PAUP* package (47) . In each case, the best-fit model of nucleotide substitution was identified by MODELTEST (39) as the general reversible GTR ϩ I ϩ ⌫ 4 model, with the frequency of each substitution type, proportion of invariant sites (I), and the gamma distribution of among-site rate variations with four rate categories (⌫4) estimated from the empirical data (parameter values are available from the authors upon request). Despite our efforts to infer the most accurate phylogenetic relationships between the different FMDV genomes, recombination between specific lineages and RNA structural constrains may produce artifactual relationships. We, however, did not have evidence of such events occurring among serotypes, although intraserotype recombination events may still take place. Following the study of Carrillo and colleagues (4) , only a few isolates presented evidence for incongruent phylogenies due to possible recombination events at specific limited genome regions. Our phylogenetic tree, however, is based on the phylogeny built upon the entire genome and, consequently, incongruent artifactual phylogenies caused by local recombination events may have meaningless effects in our phylogeny.
Identifying adaptive evolution in FMDV genomes. There are two types of nucleotide mutations, based on their effects on the protein amino acid composition: synonymous (d S ) and nonsynonymous (d N ) nucleotide replacements. In general, the d S rate accumulates neutrally because it has no effect on the amino acid composition of proteins and is hence unseen by selection, with the accumulated number of such mutations being proportional to time. In contrast, d N involves an amino acid replacement and is therefore subjected to selection. The intensity of selection () can then be measured by the ratio between these two rates ( ϭ d N /d S ). values of Ͻ1, 1, or Ͼ1 indicate negative selection, neutral evolution, and positive selection, respectively (1, 7, 44) . However, it has been shown that the stability of the RNA molecule secondary structure as well as translational selection may impose constraints on synonymous sites, leading to lower d S values and consequently to inflated estimates (5, 28, 35, 41) . To identify selective constraints at single lineages and codon regions, we used the sliding window approach (15) implemented in the program SWAPSC version 1 (14) . This program isolates all those genomic regions that show significantly lower d S values than expected under neutrality and then yields unbiased estimates of (15) . A coding region will therefore be detected to have undergone adaptive evolution if it presents a significantly greater number of nonsynonymous substitutions per nonsynonymous site while d S accumulates following the neutral evolution model. Window sizes for the analyses were statistically optimized so as to provide the lowest possible false discovery rate, as detailed elsewhere (15) . Briefly, to estimate the optimum window size we built subalignments by randomly sampling from the initial alignments. Then we slid a window of a specific size (for example, sizes ranged between 1 and 20 codons) along the subalignment, and the distributions of d S and d N were calculated. The final optimum window size is one for which the d S and d N distribution tails (for example, the 5% extreme values under the tails of the density distribution curve) are above 5%. We tested for the presence of adaptive evolution at each one of the lineages leading to each one of the seven FMDV serotypes and at each one of the FMDV proteins. We finally conducted all the statistical analyses to compare selection results between serotypes and genomic regions by normalizing the proportion of codon sites under adaptive evolution.
The same data set used here has previously been subjected to recombination analyses, with the authors of the previous study coming to the conclusion that the capsid proteins undergo recombination infrequently while nonstructural proteins may indeed undergo complex recombination events in some serotypes (4) . Indeed, other studies have confirmed the observation that recombination has occurred more often among nonstructural than structural genes (23, 52) . Hence, we did not test for recombination, given that any observed patterns have been previously described using standard methodologies. However, all the regions detected here as being under adaptive evolution were those showing no phylogenetic incongruence and were hence considered to be true positives.
Identifying constraints at synonymous sites. To determine the degree of relaxed selective constraints in each one of the proteins for each FMDV serotype, we estimated d S by the method of Li (25) as implemented in SWAPSC. Due to the limited evolutionary signal contained in one codon site, we slid a window of 20 codons along the genome and estimated d S for each sliding step. We then tested whether d S was homogeneously distributed along the genome, as would be expected under a neutral evolution model for synonymous sites. In particular, we were interested in knowing if d S accumulates differently in structural proteins than in nonstructural proteins and whether this effect is serotype specific. Such differences could indicate differences in the rates of changes in the drift and selection forces between structural and nonstructural proteins as well as between serotypes. If these differences correlated with epidemiological or infectivity differences, then we could speculate about the role that drift has in driving the evolution and epidemiology of particular serotypes. In our analyses, we compared different genomic regions and hence differences in the time of isolation of sequence that had no effect on the estimates of d S . We performed d S comparisons of structural versus nonstructural proteins because of their clearly differentiated roles. We also tested whether these differences were serotype specific.
Identifying and quantifying slightly deleterious mutations. To quantify the number of SDMs, we developed a new and simple method. Briefly, we first identified sites under strong purifying selection (highly conserved sites in the alignment). We then calculated the amino acid transition scores for the pairwise sequence comparisons at these sites. We calculated transition scores following the appropriate block substitution matrices (BLOSUM) method (20) given the average pairwise distance for the alignment. Once the distribution of BLOSUM values was determined for a site in the alignment (for example, the alignment containing the 103 sequences), we tested each lineage for the accumulation of SDMs and identified those lineages within and between serotypes accumulating changes with transition values showing significant values (highly negative transition scores) compared to the distribution of values of the rest of the alignment. The rationale behind this analysis is that highly conserved amino acid sites (for example, those amino acid sites showing BLOSUM values highly positive or close to 0) are expected to be functionally important because of their high level of conservation. A strong change at these sites in particular lineages (for example, at terminal lineages within a serotype) is more likely to be an SDM fixed by genetic drift rather than an adaptive amino acid transition. As an observable effect of the method, SDMs were then those that were lineage specific and not spread throughout the phylogenetic tree. SDMs hence were those fixed in the population because of the population structure rather than due to adaptive processes (for example, they were fixed due to genetic drift effects). Consequently, the percentage fixation of SDMs indicates the epidemiological or population history of the serotype or group of serotypes. A greater percentage of SDMs in one serotype would provide evidence of that serotype having undergone genetic drift, while lower percentages would point to strong selective constraints operating within the serotype. Following this procedure, we identified SDMs in each one of the proteins at lineages leading to each one of the serotypes and within serotypes. As in all the cases, we normalized the proportion of sites showing evidence of being SDMs so as to make possible the direct comparison of these proportions between genomic regions and serotypes. This normalization consisted of the transformation of these per-gene and per-serotype proportions in the ratio, taking into account serotypes and genes together.
Identifying compensatory mutations in the FMDV proteome. We searched for conditional advantageous mutations by performing a study of the distribution of SDMs in the available crystal structures for FMDV proteins. Seven proteins have so far been crystallized (with corresponding PDB identifications in parentheses): 1A to 1D (virus capsid 1QGC), 3C (2BHG), 3D (1UO9), and the leader protein (1QOL). For each one of the SDMs identified following the procedure detailed above, we searched for mutations showing the same phylogenetic distribution pattern. For example, if the SDM showed a phylogenetic pattern of mutation in the seven serotypes of 0000100, with 1 indicating strong amino acid change and 0 conservative change, we searched for all those mutations showing that exact pattern, 0000100. Then, both mutations were plotted in the crystal structure of the corresponding protein and the Euclidean distance between them calculated. We calculated this distance as the average distance between the atoms of the amino acid sites to which both mutations belong. Two mutations were considered to have compensated each other if, in addition to presenting the same phylogenetic pattern of transition scores, they were located at a distance less than 4 Å from each other in the protein crystal structure. Also, two amino acid sites can compensate each other indirectly. For example, if site A and site B are more than 8 Å apart but surround (at less than 4 Å) an important functional site C, then changes at site A may affect site C, which have to be compensated by changes at site B. We also considered instances where site A and B were compensating each other. To account for this last situation, we identified those SDMs showing the same phylogenetic patterns but located at a distance greater than 4 Å from each other in the protein structure. Then we identified sites between them in the structure that showed very low divergence levels in comparison with the rest of the molecule. We measured divergence levels per site by estimating the Poisson amino acid distances for each amino acid site in the multiple sequence alignments. We normalized all the results as explained above to make direct comparisons between serotypes and genomic regions.
RESULTS
Different evolutionary forces among genomic regions of FMDV serotypes. Selection analysis identified differences in the degrees of selection between proteins as well as serotypes (Fig. 1A) . We detected adaptive evolution (diversifying selection) not only in the most exposed structural protein 1D but also in all of the structural proteins analyzed (Fig. 1A) . Among these proteins, 1D presented the highest percentage (15%) of codon sites undergoing adaptive evolution, affecting four out of the seven serotypes. Proteins 1B and 1C have undergone adaptive evolution in almost all the FMDV serotypes, whereas 1A presented evidence of diversifying selection only in the African serotype SAT3 (Fig. 1A) . Interestingly, the proportion of codon sites under adaptive evolution in structural proteins correlated with the percentage of a protein's exposed surface ( Spearman ϭ 0.966; P ϭ 0.025).
In nonstructural proteins, we also detected adaptive evolution affecting many serotypes, but the number of serotypes undergoing adaptive evolution was significantly reduced compared to structural exposed proteins. For example, except for the case of protein 1A, the average number of serotypes having undergone adaptive evolution was five out of seven in the case of structural proteins, whereas in nonstructural proteins the average was two serotypes. Notably, the detection of positive selection was not dependent upon the variability of the proteins, because nonstructural proteins 3A and 3B exhibited similar divergence levels as those shown by structural capsid proteins (4), and yet the percentage of sites under diversifying selection was lower than the rest of nonstructural proteins (Fig.  1A) . In general, the percentage of protein sites under adaptive evolution in structural proteins ranged between 7.05% and 15.32%, whereas nonstructural proteins showed percentages ranging between 3.51% and 11.11%. When accounting for serotypes, comparison of the percentage of codons under adaptive evolution showed a greater mean for structural than for nonstructural proteins, although the difference was not significant (Fisher's exact test, P ϭ 0.188). When taking into account serotypes individually, structural proteins presented a higher percentage of sites under adaptive evolution compared to nonstructural proteins (Fig. 1B) . The only two exceptions were serotypes A, with a slightly greater percentage of adaptively selected sites in nonstructural proteins, and Asia 1, which was the most represented serotype under adaptive evolution when analyzing individual proteins (Fig. 1A) .
Relaxed selective pressures at structural capsid proteins in SAT serotypes. Analysis of d S showed that its distribution was Differential fixation of slightly deleterious mutations among FMDV serotypes. The percentage of SDMs varied along the genomes and phylogeny, with most of these mutations having been fixed at the terminal phylogenetic branches of each serotype. This supports previous tests suggesting that there is a correlation between the age of mutations and their adaptive value (40) . The average percentage of mutations showing evidence of being SDMs over the genomes and serotypes was 4.8% (Table 1 ). All the serotypes presented evidence of SDMs in most of the proteins except in the structural protein 1A (Table 1 ). In general, among variable amino acid sites the proportion of SDMs was higher in structurally exposed capsid proteins than in nonstructural proteins, although the difference was only marginally significant (Fisher's exact test, P ϭ 0.077). SAT serotypes also presented significantly greater percentages of SDMs than other serotypes (Fisher's exact test, P ϭ 0.0027). In addition, SAT serotypes presented a higher proportion of SDMs at structural proteins than at nonstructural proteins (Fisher's exact test, P ϭ 0.0032). Interestingly, 1A presented no evidence for accumulation of SDMs. The next question we asked was whether SDMs are heterogeneously distributed throughout the FMDV phylogeny.
In Fig. 3 we represent the phylogenetic distribution of SDMs in FMDV in the 103 full-length genomes. This figure highlights differences in the patterns of distribution of SDMs along the FMDV genome and along the phylogeny. First, structural proteins accumulate most of the SDMs in the SAT serotypes (the difference with the proportion of SDMs in non-SATs is significant; Fisher's exact test, P ϭ 9.5 ϫ 10 Ϫ4 ), whereas no significant difference was observed in the case of nonstructural proteins between SATs and non-SATs (Fisher's exact test, P ϭ 0.319). Second, most of the SDMs accumulated in structural proteins occurred in the ancestor of the serotypes (Fig. 4a and Table 2 ). Nonstructural proteins showed, however, the opposite trend, with most of the SDMs accumulating in the terminal branches ( Fig. 4b and Table 2 ). This pattern indicates that structural proteins may have accumulated slightly harmful amino acid substitutions at the basal lineages of the serotypes, especially in SAT serotypes, and some of these mutations became advantageous later within these serotypes undergoing fixation. On the other hand, nonstructural proteins may have accumulated noncompensated SDMs.
Compensatory mutations generate immune-escaping mutants in SAT serotypes. We considered a pair of SDMs to compensate each other if they presented evidence to be at a distance of less than 4 Å in the protein structure or, alternatively, directly surrounding a highly conserved amino acid site (assumed to be conserved because of its functional importance; see Materials and Methods for details). To measure the amount of advantageous mutations compared to SDMs fixed for each one of these two patterns, we searched for the existence of evidence of CM events in each one of the serotypes and lineages following the procedure described in Materials and Methods. The mean percentages of SDMs compensated for in each one of the analyzed proteins were 13.7%, 32.83%, 20%, 21%, 30.9%, and 9.03% for the leader, 1B, 1C, 1D, 3C, and 3D proteins, respectively. In general, structural proteins showed on average a greater percentage of compensated SDMs (24.61% of the SDMs) compared to nonstructural proteins (17.9% of the SDMs). Furthermore, SAT serotypes presented more CMs than non-SAT serotypes. An average of 56% of SDMs in SAT serotypes were compensated, whereas only around 7% of the SDMs in non-SAT serotypes were compensated. We also analyzed the phylogenetic distribution of these CMs and found that, in the case of structural proteins, most of the CMs took place in the lineages leading to the ancestors of (Table 3) .
DISCUSSION
Previous studies have focused on identifying the evolutionary forces operating at particular protein-coding genes mostly involved in host-cell receptor recognition and evasion from the host immune response. Some of these studies were aimed at identifying the origin of specific serotypes of FMDV, such as the CS serotype (12) . We have previously shown that selective constraints operating within the VP1 protein are heterogeneous among the seven FMDV serotypes and are due to the differential action of adaptive evolution (50) . This observation was in agreement with previous results in natural as well as in experimental isolates when using a more limited number of sequences (16, 19) . In addition, because adaptive evolution affected the antigenic regions in VP1, we speculated that genetic variability was associated with the emergence of immune escape and persistent mutants that were previously observed (19, 29, 48) . Covariation between the different amino acid sites within and between antigenic regions has been also linked to the ability of FMDV to escape from the immune response (50). 
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Only a few evolutionary analyses have examined the evolutionary constraints in regions other than the VP1 protein or its precursor, P1 (3, 4, 27) . However, variation of adaptive evolution between genomic regions and serotypes has not been previously examined. Diversifying selection has driven the evolution of FMDV genomes. Our results indicate that most of the FMDV genomes show some evidence of the accumulation of adaptive mutations. These results are in contrast to a previous report that showed protein 1D to be the only structural protein under adaptive evolution (4). These differences, however, may be due to the fact that those investigators failed to screen for lineagespecific adaptive evolution. In their work, for instance, Carrillo and colleagues (4) conducted a codon-specific analysis of the ratios of substitutions per synonymous and nonsynonymous mutations using maximum parsimony and maximum likelihood-based methods. Although their analyses were correct, they were based on the simplistic assumption that lineages evolve at a constant rate (for example, differences in the selective constraints among lineages were not accounted for).
Furthermore, the lack of signal for adaptive evolution in 1A in most serotypes may be due to its conserved nature and to its important role in the conformational changes of the capsid upon binding of cell receptors as well as in the generation of ions that allow RNA entry into the cell (21) . In addition, 1A is the only structural protein with no exposed surface and hence has no role in generating immune escape mutants. The effect of the percentage of surface-exposed amino acids in structural proteins and their importance for the biology of FMDV can be glimpsed from the positive correlation between the absolute proportion of codons under adaptive evolution and the amount of exposed surface we observed. This correlation may also reflect the evolutionary dynamic of capsid proteins in relation to their ability to interact with the host cell.
All nonstructural proteins were determined to be under adaptive evolution, although the fact that only a few serotypes showed evidence for selective forces may explain the previously undetected selection in these proteins when all serotypes have been analyzed together (4) . Among the serotypes, type A is the one showing the lowest proportion of codon sites under Varied selective constraints at synonymous sites between FMDV genomic regions. The main conclusion resulting from the analysis of synonymous nucleotide substitutions is that these are heterogeneously distributed along the genome as well as between serotypes. The enhanced heterogeneous genomic distribution of d S values in SAT compared to EuroAsiatic serotypes pinpoints the complex evolutionary dynamics of the different FMDV proteins and the possible dependency between these dynamics and the epidemiological behavior of the different serotypes. SAT viruses are confined to the African continent and are known for their ability to establish persistent infections and for being the source of spontaneously emerging highly infective variants (53) . Indeed, it is widely known that the African buffalo (Syncerus caffer) is instrumental in the maintenance of the disease for the SAT serotypes, for which it acts as a long-term carrier, lasting for up to 5 years. One report has shown that in a small isolated free-living herd the disease was maintained for at least 24 years and through several generations (6) . Relaxed selective constraints in these serotypes at structurally exposed proteins may permit the emergence of new mutants that may eventually enable the appearance of immune-escaping viruses that become rapidly fixed in the population. Even though generation of immune-escaping mutants is also important in other serotypes, as reflected also by the faster accumulation of mutations in structural proteins, the more relaxed constraints in SAT serotypes may be related to the high persistence in comparison with the other serotypes. This is supported by the magnified difference between the rates of evolution of structural and nonstructural proteins when comparing SATs to non-SAT serotypes. In conclusion, genetic drift in SATs may have been an important factor in the generation of polymorphic immune-escaping mutants.
High rates of fixation of SDMs in SAT serotypes. Deleterious mutations are those that are eliminated by selection because of their harmful effect on a protein's function and hence on the organism fitness. These mutations are removed from the population by selection regardless of the population dynamics, since the organism is deemed nonfunctional. If mutations are slightly deleterious (SDMs), these can be fixed in the population by genetic drift when the effective population size is small. Viral populations generally present significant sizes within their hosts, but they undergo strong bottlenecks during the infection of other host individuals or in the switch to different stages during the viral life cycle. This dynamic favors the fixation of slightly deleterious mutations. Consequently, analyses of adaptive evolution may be misleading since SDMs can be confounded by adaptive mutations. Furthermore, RNA viruses present a highly active mutational dynamic (9) . The fitness consequences of such mutations can be measured generally through fitness assays, which have been used to demonstrate that RNA viruses are prone to accumulate slightly deleterious mutations (31, 43) . A recent study analyzed the distribution of SDMs in different proteins from 143 different RNA viruses, with the authors concluding that RNA viruses are indeed prone to fix such mutations (40) . Their assumption was that the average age of nonsynonymous mutations increases with their selective advantage (32, 40) . Because constraints at synonymous sites may inflate values at internal branches, we used a different approach that does not rely on the assumption of neutrality at synonymous nucleotide sites.
The higher rate of fixation of SDMs in structural compared to nonstructural proteins as tested in our study lends support to the greater permissibility of structural proteins to accumulate mutations by genetic drift. This pinpoints the idea that the higher diversity of structural proteins compared to nonstructural ones may in part be due to the neutral fixation of SDMs. Interestingly, 1A presented no evidence for accumulation of SDMs. 1A is the only capsid protein that presents no solventaccessible amino acid regions, which may impose a higher constraint over the permissibility of amino acid sites to accumulate disruptive mutations. Accumulation of SDMs in capsidexposed proteins may have affected the immune escape dynamics of FMDV, which would explain the ability of SAT serotypes to establish persistent infections (53) much more efficiently than any of the non-SAT serotypes. This is in agreement with experimental results showing that persistent infections of African buffaloes and the genomic and antigenic diversity of SAT serotypes are positively correlated (53) . However, we also found SDMs in proteins 3C and 3D, which would suggest also a genetic drift effect enabling the fixation of SDMs in all the proteins of FMDV. Because a greater effect of genetic drift would relax constraints in synonymous and nonsynonymous sites, we should observe higher d S values at synonymous sites, when genetic drift is more important. Mayrose and colleagues elegantly showed that synonymous sites are usually under constraints and that these constraints may be the cause for the inflated ratios in protein-coding sequences (28) . This effect may be more dramatically enhanced by the fact that RNA viruses may be subjected to strong secondary structure constraints at nucleotide sites depending on their location in loops or stems. Our analyses of synonymous nucleotide substitutions clearly demonstrate that synonymous sites are much more relaxed in SAT serotypes than in other serotypes and significantly more relaxed in structural proteins than in nonstructural proteins along the genome. The reason therefore for the increasing number of SDMs in SAT serotypes and in structural proteins very likely may be the result of relaxed constraints in the SAT serotypes. These relaxed constraints may have permitted the accumulation of SDMs that, once compensated for by the fixation of conditional advantageous mutations in nearby structural regions, became advantageous to generate immune escape mutants (explained by the increase of SDMs in structural capsid exposed proteins). To test this hypothesis we examined the phylogenetic distribution of these SDMs in each one of the serotypes as well as possible compensatory mutations being fixed in nearby structural regions on the same branches.
Compensatory mutations generate immune-escaping mutants in SAT serotypes. In this study we have developed and applied a method to identify compensatory mutations (advantageous mutations conditional to their compensatory effects on SDMs). The main purpose of this test was to determine whether SDMs have accumulated as a result of either a founder effect (genetic drift), as a result of a selective process, or due to a change in the selection-drift balance in each serotype. In the former case, we would expect SDMs to accumulate stochastically in terminal branches of the tree and to be located in isolated structural regions, presenting no evidence for nearby compensatory mutations. In the second case we would expect most of the SDMs accumulating in the branches lead to the serotypes (for example, they are ancestral changes that became fixed within serotypes due to its adaptive value) and present also signals of compensation in nearby structural regions. Finally, in the latter case, we should observe a balanced compromise of SDM distribution along the phylogeny and the protein structure. The fact that most CMs in structural proteins take place in the lineages leading to the southern Africa serotypes whereas nonstructural proteins presented most of these mutations within serotypes supports that SDMs in the ancestral SAT serotypes may have been compensated to generate immune-escaping mutants establishing persistent infections. The low proportion of CMs in nonstructural proteins confirms that most mutations within serotypes are real SDMs fixed by genetic drift. We also observed a significant compensatory effect when we compared serotypes confined to southern African to those distributed around the globe, further suggesting that SDMs combined with CMs may have allowed SAT serotypes to generate the genetic and antigenic diversity needed to escape the immune response and to establish persistent infections while maintaining their protein structural/ functional stability, as previously suggested (50) .
The results and conclusion discussed here indicate that as a consequence of its evolution, eradication of FMD from Africa as a whole is not a prospect for the foreseeable future. To complicate matters further, most countries in sub-Saharan Africa are ill-equipped to face the disease because of lack of infrastructure and financial resources. As a consequence, animal movement and migration will inevitably play a major factor in the epidemiology of the disease. The long-term result of this is that, despite continued efforts and extensive use of vaccines, FMD in Africa is likely to constitute a rapidly increasing problem with more sporadic outbreaks. The danger of this is that the more-developed world may be vulnerable to more undesirable transcontinental introductions of the disease due to the possibility of illegal movement of livestock or exportation of livestock products. Therefore, it is imperative that adequate surveillance systems and routine sampling be maintained to monitor foot and mouth disease virus. This study has far-reaching implications for the evolution and epidemiology of FMD viruses and ultimately in the control of the disease.
